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Lysine mediation of neuroendocrine food regulation in guinea fowl
A. Payne, X. Wang, M. T. Ivy, A. Stewart, K. Nelson, C. Darris, and S. N. Nahashon1
College of Agricultural, Human and Natural Sciences, Tennessee State University, 3500 John A. Merritt Blvd.,
Nashville, Tennessee 37209-1561
ABSTRACT In poultry, obesity is partly influenced
by food intake, and is increasingly becoming a nation-
wide problem. Hypothalamic food intake mechanisms
are involved metabolically and neurologically via two
peptide hormones, leptin and ghrelin, and the amino
acid glutamate, which is enzymatically derived from
lysine metabolism. We hypothesize that lysine home-
ostasis mediates regulation of feed intake and perfor-
mance characteristics via the brain–liver axis through
glutamate sensing. The objective was to examine the
effects of lysine homeostasis in avian food regula-
tion and performance through neuroendocrine signal-
ing. One-day-old male French Guinea fowl (GF) keets
(n = 270) were weighed and randomly assigned to 5
dietary treatments (0.80%, 0.86%, 0.92%, 1.10% con-
trol, and 1.22% lysine) in 3 replicates. At 4 and 8 wk
of age 20% of experimental birds were randomly se-
lected, weighed and euthanatized. The liver, pancreas,
and hypothalamus were excised, snap frozen in liquid
nitrogen and stored at –80◦C until use. Tissue mRNA
was extracted and cDNA synthesized for qPCR assays.
Lysine at 0.80 and 0.86% hindered growth, develop-
ment of digestive organs, expression of brain and liver
glutamate and leptin receptors, and caused high mor-
tality in GF. The fold change for metabotropic glu-
tamate receptor I was lower (P < 0.05) in liver and
higher in brain at 0.86 and 0.92% than the control
(1.10%) and 1.22% lysine. The 1.22% lysine exhib-
ited highest expression of ionotropic glutamate recep-
tor, while brain ghrelin receptor expression was high-
est at 0.86 and 0.92% lysine. Therefore, dietary lysine
concentration may influence signaling pathways reg-
ulating food intake in brain-liver axis via glutamate
synthesis.
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INTRODUCTION
Obesity is a nationwide and global health problem
that is projected to affect 2.3 billion adults by 2015 ac-
cording to the World Health organization (Suzuki et al.,
2010). According to a 2009 report on health policies,
obesity accounts for 20 to 30% of the healthcare costs
in the United States. On the other hand, obesity has
been shown to correlate with cardiovascular complica-
tion, stroke, cancer, type 2 diabetes, and neurological
and sleep disorders (Suzuki et al., 2010). Consumption
of animal products, such as poultry, containing excess
amounts of fat may be, in part, a contributing factor
to the increasing incidence of human obesity and other
associated health risks. Poultry is a major source of
human diet and therefore minimizing the excess fat de-
position will minimize consumption of such fat in diets.
Feed intake is influenced by behavioral, genetic, and
physiological states (Berthoud, 2002; Kaiya et al., 2009;
Richards et al., 2010; Fang et al., 2014; Mostafa et al.,
2014). Extensive research has focused on all three
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factors that may have an impact on human health,
but the major emphasis has been placed on the reg-
ulatory functions of the hypothalamus. Appetite mon-
itoring gut and peptide hormones such as leptin and
ghrelin, respectively, have been shown to be involved
in the regulation of food intake. Although leptin hor-
mone production in chicken has not been confirmed,
avian genomes contain a highly conserved leptin re-
ceptor (Adachi et al., 2008; Prokop et al., 2014) which
is capable of activating the Janus kinase (JAK)-signal
transducers and activation of transcription (STAT) sig-
nal transduction and other pathways that may be asso-
ciated with nutrient sensing and metabolism (Ohkubo
et al., 2007; Hen et al., 2008; Ohkubo and Adachi,
2008). Adachi et al. (2008) reported that leptin receptor
expressed in chicken tissues may be capable of binding
endogenous ligand as well as exogenous mammalian lep-
tin. The leptin receptor gene may also be responsive to
divergent extremes of nutrient supply.
In poultry, the balance of sustenance from the gas-
trointestinal tract and energy expenditure is main-
tained by the balance of endocrine factors such as the
anorexigenic leptin and the orexigenic ghrelin (Richards
and Weglarz, 2007). Furthermore, proteins and amino
acids have been shown to control food intake in rats
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(Tome, 2004). Tome, in his paper entitled “Protein,
amino acids and the control of food intake,” discusses
that the influence of internal proteins and amino acids
in food intake is based on three known conditions: 1)
an antagonistic response to diets depleted or bereft of
protein or lacking in slightly one essential amino acid,
2) adjustments in the body to limited amino acid or
protein consumption by increasing protein dietary in-
take, and 3) satiety provided by protein, which lowers
the need for a high-protein diet (Tome, 2004). Tome’s
report showed that rats have been used to investigate
the role of nutritional imbalance from a high fat diet
and its effects on amino acids. One amino acid in par-
ticular is lysine, which is a dietary supplement in mam-
malian and avian diets and is involved in the synthesis
of connective tissue, and carnitine. Also, lysine plays a
role in fatty acid metabolism and one of its metabolites
is glutamate. Glutamate arises from the metabolism of
lysine to saccharopine and is catalyzed by glutamate
dehydrogenase. Recently, it has been shown that gluta-
mate plays a role in energy homeostasis and food intake
(Delgado, 2013).
Most of the research on glutamate and energy
homeostasis has been done on the mouse (Bradbury
et al., 2005; Jinap and Hajeb, 2010) whereas several
studies on chickens have also been reported (Wang
and Nesheim, 1972; Kobayashi et al., 2011). Genetic
variations among species are usually associated with
differences in endocrine-hypothalamic mediated feed
intake and energy metabolism and are an important
resource in elucidating the mechanisms surrounding
feed intake and energy metabolism in poultry (Swen-
nen et al., 2007; Huang et al., 2008). As an alternative
animal protein source to chickens, the guinea fowl is
an avian species that are reared in various parts of the
world including Africa, Europe and the United States
(Nahashon et al., 2006). Previous reports indicate that
genetic similarity between the Pearl Grey guinea fowl
and the Single Comb White Leghorn chickens is as
low as 31.3% (Nahashon et al., 2010). Earlier, Kilonzo-
Nthenge et al. (2008) reported that the guinea fowl
exhibited significantly higher (P < 0.05) resistance to
pathogenic microbial infection than chickens. These dif-
ferences among species provide various dimensions into
the mechanisms of feed intake in food animals and es-
pecially poultry. Therefore, the broad hypothesis in this
study is that in the guinea fowl, lysine homeostasis me-
diates regulation of feed intake and performance char-
acteristics via the brain-liver axis through glutamate
sensing.
MATERIALS AND METHODS
Birds and Dietary Treatments
All animal studies adhered to the institutional ani-
mal care and use committee’s (IACUC) guidelines and
were approved by IACUC. Two hundred and seventy
male 1-day-old guinea keets of the pearl gray vari-
Table 1. Composition of Experimental Rations (%) fed at
0–4 Wk of Age.
Lysine % 1.10 0.80 0.86 0.92 1.22
Feed Ingredient
Corn (8% CP) 48.95 50.67 50.67 50.1 49.21
Soybean meal (48% CP) 29.4 14.1 17.02 19.8 30.81
Corn Gluten meal (60% CP) 7.12 17.6 15.8 13.7 6
Wheat middlings 5.14 10.36 8.86 8.27 4.4
Alfalfa meal (17% CP) 1 1 1 1 1
Poult. Blend. Fat 4.5 2.3 2.7 3.1 4.62
Dical. Phosphate 1.74 1.74 1.75 1.75 1.73
Limestone flour 1.5 1.45 1.40 1.3 1.45
D, L-Methionine (98%)2 0.1 0.03 0.05 0.0 0.06 0.12
L-Arg 0 0 0.2 0.23 0
L-Thr 0 0 0 0.12 0
L-lle 0 0 0 0 0
L-Val 0 0 0 0.02 0
L-Lys HCl 0 0 0 0 0.11
Salt 0.3 0.3 0.3 0.3 0.3
Vitamin-Mineral premix1 0.25 0.25 0.25 0.25 0.25
Sand 0 0 0 0 0
Calculated analyses
Crude Protein, % 23 23 23 23 23 23 23
ME (Kcal/kg diet) 3,100 3100 3,100 3,100 3,100
Calcium, % 1.00 1.04 1.00 1.00 1.00
Total Phosphorus, % 0.72 0.72 0.72 0.72 0.72
Methionine, % 0.50 0.42 0.50 0.50 0.50
Methionine + cysteine, % 0.90 0.92 0.90 0.90 0.90
Lysine, % 1.10 0.80 0.86 0.92 1.22
1Provided per kg of diet: retinyl acetate, 3,500 IU; cholecalciferol,
1,000 ICU; DL-α-tocopheryl acetate, 4.5 IU; menadione sodium bisul-
fite complex, 2.8 mg; vitamin B12, 5.0 mg; riboflavin, 2.5 mg; pan-
tothenic acid, 4.0 mg; niacin, 15.0 mg; choline, 172 mg; folic acid, 230
mg; ethoxyquin, 56.7 mg; manganese, 65 mg; iodine, 1 mg; iron, 54.8 mg;
copper, 6 mg; zinc, 55 mg; selenium, 0.3 mg.
2Degussa Corporation, Kennesaw, GA.
ety were obtained from Ideal Poultry Breeding Farms
(Cameron, Texas). These birds were randomly assigned
to four dietary treatments in a completely randomized
design. The dietary treatments comprised lysine levels
of 0.80%, 0.86%, 0.92%, 1.10%, and 1.22% (Table 1).
The control diet contained the 1.10% lysine, which
was estimated from lysine requirement of Single Comb
White Leghorn chickens (NRC, 1994). The starter di-
ets were isocaloric (3,100 Kcal/kg ME) and isonitroge-
nous (23% CP) and were fed from hatch to 4 wk of
age (WOA). During the growing period (5 to 8 WOA),
the lysine concentrations were maintained the same in
the four dietary treatments; however, the grower rations
contained 3,150 Kcal/kg ME and 21% CP (Table 2).
Bell and Weaver (2002) suggested that in order for birds
to attain optimum growth and at economical scale, key
nutrients such as energy and protein must be phased
to justify requirement and to produce the bird at the
lowest cost possible. The dietary concentrations of ME
and CP fed to the Pearl Grey guinea fowl in this study
were previously reported by Nahashon et al. (2006).
Each dietary treatment was replicated 3 times with 18
birds per replicate. Feed was provided in mash form
and both feed and water were provided at free choice
throughout the study period. Mortality was recorded
and monitored daily as it occurred.
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Table 2. Composition of experimental diets (%) fed at 5 to 8
wk of age.
Lysine % 1.10 0.80 0.86 0.92 1.22
Feed Ingredient
Corn (8% CP) 56.73 64.11 57.78 61.14 55.85
Soybean meal (48% CP) 31 16.4 17.1 22.2 34.28
Corn Gluten meal (60% CP) 2.5 13 12 8.9 0.13
Wheat middlings 0.91 0.98 6 1 0.2
Alfalfa meal (17% CP) 1 1 1 1 1
Poult. Blend. Fat 4.55 1.1 2.7 2.45 5.2
Dical. Phosphate 1.3 1.35 1.35 1.33 1.27
Limestone flour 1.35 1.4 1.4 1.37 1.33
D, L-Methionine (98%)2 0.11 0.03 0.04 0.06 0.12
L-Arg 0 0 0.04 0 0
L-Thr 0 0 0 0 0
L-lle 0 0 0 0 0
L-Val 0 0 0 0 0
L-Lys HCl 0 0 0.04 0 0.07
Salt 0.3 0.3 0.3 0.3 0.3
Vitamin-Mineral premix1 0.25 0.25 0.25 0.25 0.25
Sand 0 0 0 0 0
Calculated analyses
Crude Protein, % 21 21 21 21 21 21
ME (Kcal/kg diet) 3,150 3150 3,150 3,150 3,150
Calcium, % 0.90 0.90 0.90 0.90 0.90
Total Phosphorus, % 0.60 0.60 0.60 0.60 0.60
Methionine, % 0.45 0.45 0.45 0.45 0.45
Methionine + cystine, % 0.83 0.83 0.83 0.83 0.83
Lysine, % 1.10 0.80 0.86 0.92 1.22
1Provided per kg of diet: retinyl acetate, 3,500 IU; cholecalciferol,
1,000 ICU; DL-α-tocopheryl acetate, 4.5 IU; menadione sodium bisul-
fite complex, 2.8 mg; vitamin B12, 5.0 mg; riboflavin, 2.5 mg; pan-
tothenic acid, 4.0 mg; niacin, 15.0 mg; choline, 172 mg; folic acid, 230
mg; ethoxyquin, 56.7 mg; manganese, 65 mg; iodine, 1 mg; iron, 54.8 mg;
copper, 6 mg; zinc, 55 mg; selenium, 0.3 mg.
2Degussa Corporation, Kennesaw, GA.
Management of Experimental Birds
At 1 d of age, experimental birds were weighed indi-
vidually, wing banded and randomly assigned to electri-
cally heated, temperature controlled PetersimeTM bat-
tery brooders (Petersime brooders model 2SD12, Pe-
tersime Incubator Co., Gettysburg, OH) equipped with
raised wire floors for the first 4 WOA. The battery
cages measure 99 × 66 × 25 cm and each housed 18
birds. The temperature was kept at 32◦C for the first
wk and was gradually reduced by 2.8◦C to a steady
temperature of 23.9◦C, and at this point on no artifi-
cial heat was provided to the experimental birds. At
five WOA the guinea keets were transferred into grow-
ing batteries, which were not supplied with supplemen-
tal heating. However constant room temperature was
maintained at 21◦C. The growing cages measured 163
× 69 × 33 cm and each housed 7 to 8 birds from 5
to 8 WOA. Birds were provided a 23-h light regimen
from hatch to 8 WOA. Ventilation within the brooders
and growing cages were maintained by thermostatically
controlled exhaust fans.
Performance Analysis
Growth performance was measured by average daily
gain (ADG) and feed: gain (F:G) ratio. Body weight
of each guinea fowl from which average daily gain was
determined, and the amount of feed intake (FI) by each
individual bird and replicate were measured weekly.
The ADG and F:G ratios were calculated weekly. The
amount of feed given to each replicate in the treatment
groups was recorded and at the end of each wk the re-
mainder of the feed was deducted from the aggregated
amount of feed appropriated throughout the wk. The
F:G ratios were calculated by dividing the daily FI by
the ADG.
Tissue Collection, Analyses, and Sample
Preparation
At 4 and 8 WOA, 20% of the experimental birds were
randomly selected from each replicate. The birds were
euthanatized by cervical dislocation and immediately
whole heads, liver, and pancreas were excised, weighed
and flash-frozen in liquid nitrogen. All tissue samples
(2 g) were stored at –80◦C until assayed for gene ex-
pression. The hypothalami and surrounding tissue were
excised by micro-dissection from the frozen heads, snap
frozen in liquid nitrogen, and then transferred into –
80◦C freezer until assayed for gene expression.
Total RNA Extraction and cDNA Synthesis
The total RNA was extracted from tissues of 60
randomly selected experimental birds (28 and 32 at
4 and 8 WOA, respectively). Briefly, 10 mg of each
liver and pancreas tissues, and the hypothalami and
its surrounding tissue were added to 200 μL of Qiazol
within a single Eppendorf tube and homogenized using
a Fisher tissue homogenizer R© (Fisher Scientific, Pitts-
burgh, PA). mRNA was extracted using the Bio-Rad
Total RNA Extraction Kit R© (Bio-Rad, Hercules, CA)
and the Rneasy R© RNA extraction kits (Qiagen Cor-
poration, Valencia, CA). RNA was reverse transcribed
into cDNA using the Qiagen Quantitect Reverse Tran-
scription kit R©. RNA and cDNA were tested for quan-
tity (concentration) and quality (contamination) using
the NanodropTM Spectrophotometer and agarose gel
electrophoresis.
Gene Expression Assays
A. Primer Design Sequences for the guinea fowl
leptin receptor, ionotropic receptor, and metabotropic
glutamate I receptor were extracted from a contigu-
ous database and compiled after de novo assem-
bly of the guinea fowl pancreas transcriptome us-
ing Trinity software (GenBank id: 3052, 105945 and
174385, respectively, and BLASTX ID: XM 420582.4,
NM 001113186.1, and XM 004941942.1, respectively).
These were the only receptors whose sequences for the
guinea fowl were available from a contiguous database
compiled after de novo assembly of the guinea fowl tran-
scriptome by our laboratory. Oligonucleotide primer for
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the ghrelin receptor Growth hormone secretagogue re-
ceptor 1A (GHSR1A) was designed using National Cen-
ter for Biotechnology Information (NCBI’s) Primer3-
Blast software. Since the Guinea fowl sequence for
this locus was unavailable in GenBank, Clustal Omega
alignment was used to identify the most highly con-
served regions of the locus among chicken, human,
mouse, guinea pig and cattle. Highly conserved se-
quences were used as inputs to design primers. Each
primer was designed to have a minimum guanosine-
cytosine (GC) content of 45 to 60%.
B. Quantitative Real-time Polymerase Chain Re-
action (QT-PCR) Two-step qPCR reactions were pre-
pared using QiaGen’s QuantiTect R© SYBR R© Green
PCR Kit (Qiagen Corporation, Valencia, CA) in a fi-
nal volume of 20 μL. PCR primers were designed us-
ing Primer Express 2.0 (Applied Biosystems, Carls-
bad, CA) and optimized using the Eppendorf 5531
Master Cycler Gradient Thermo Cycler R© (102 Mo-
tor Parkway, Hauppauge, NY) to a final concentra-
tion of 0.8μM. Glyceraldehyde 3 phosphate dehydro-
genase (GAPDH) was used as the internal control. The
primers were validated using melting curve analysis of
each qPCR reaction. Sequences of the primers are avail-
able in Supplementary Table S1. The cDNA was di-
luted in TE buffer to 10 ng/μL and confirmed after
dilution with a NanoDrop Spectrophotometer. Ampli-
fication was carried out using 40 ng cDNA in Applied
Biosystems 7000 R© Prism Sequence Detection System
(Applied Biosystems, Carlsbad, CA) with the following
cycling parameters: initial denaturation at 95◦C for 15
minutes; followed by 40 cycles of denaturation at 94◦C
for 15 seconds, primer annealing at 58◦C for 30 sec-
onds; and primer extension at 72◦C for 30 seconds. Data
was presented as threshold cycle (Ct) relative to the in-
ternal control Glyceraldehyde- 3- phosphate dehydro-
genase (GAPDH). Fold change equals 2−ΔΔCT, where
–ΔΔCT = [CT gene of interest - CT internal control
Sample A] – [CT gene of interest- CT internal control
sample B]. Fold change was calculated using the com-
parative CT method discussed by Livakand Schmittgen
(2001; Schmittgen and Livak, 2008). qPCR products
were visualized via 2% agarose gel electrophoresis.
Statistical Analysis
Percent data was transformed into Log form prior
to analysis. The data was back transformed for tab-
ulation and discussion. All variables were analyzed as
repeated measurements. Growth performance and gene
expression data were subjected to analysis of variance
(ANOVA) using the General Linear Model (GLM) of
the SAS R© software version 9.3 (SAS Institute, 2011)
as completely randomized design with dietary treat-
ments as main effects. The statistical model used was:
Yijk = μ + Li + Rij + γijk, where Yijk = response vari-
ables from each individual replication, μ = the overall
mean; Li = the effect of dietary Lysine; Rij = the inter-
experimental unit (replications) error term; and γ ijk =
the intra-experimental unit error term. Differences in
mortality among dietary treatments were analyzed us-
ing the chi-square method. Least significant difference
and the t-test comparisons were made between treat-
ment means for main effects when there was a signifi-
cant F-value (P < 0.05; DF = 53, 6 and 7 for growth
performance, and tissue weight and gene expression at 4
and 8 wk of age, respectively). Correlations were deter-
mined using the correlation procedure (Proc. Corr.) of
SAS (SAS R© software version 9.3, SAS Institute, 2011).
RESULTS
Average Daily Gains and Feed to Gain
Ratios
Average daily gain (ADG) of pearl grey guinea keets
fed diets varying in lysine concentrations at 1 to 4 WOA
are presented in Figure 1A. At the beginning of this
experiment (wk 1), differences in mean ADG among
replicates and dietary lysine concentrations (0.80, 0.86,
0.92, 1.10, and 1.22%) were not significant for all five
dietary treatments. The diets with lower lysine con-
centrations contained 0.80, 0.86 and 0.92% lysine. The
highest amount of lysine was 1.22% while the control
diet contained 1.10% lysine. Birds fed the 0.80% lysine
diet exhibited ADG that were significantly lower (P <
0.05) that those of other dietary treatments at 1 to 4
WOA. Although the ADG of birds fed diets containing
0.86 and 0.92% lysine were not statistically different
(P > 0.05) at 1 to 3 WOA, birds on the 0.92% lysine
had higher ADG (P < 0.05) than those fed diets con-
taining 0.86% lysine. The highest ADG were observed
in birds fed the control (1.10% lysine) and 1.22% lysine
diets. These ADG were statistically higher (P < 0.05)
than those of other dietary lysine concentrations. Birds
fed the 1.22% lysine exhibited higher ADG (P < 0.05)
than those fed the 1.10% lysine diets, the control.
The poor performance of birds fed diets containing
the 0.80% lysine when compared to other dietary treat-
ments was also associated with significantly high mor-
tality (P < 0.05) which was about 95% and significantly
higher than that of other dietary treatments (Figure 2).
There were significant differences (P < 0.05) in mortal-
ity of birds fed the 0.92 and 1.10% lysine when com-
pared to those fed 0.86% lysine diets. At 3 to 4 wk of
age birds consuming diets containing 0.80% Lysine ex-
hibited impaired physical characteristics such as mal-
nutrition, impaired growth and muscle development,
poor feather development, significant reduction in ADG
and ultimately high mortality. Due to high mortality in
birds fed the 0.80% lysine diets at 1 to 4 wk of age, this
treatment was excluded from the study during wk 5
to 8.
Figure 1B shows the ADG of guinea fowls fed the
various dietary lysine concentrations at 5 to 8 wk of
age. At wk 5 birds fed diets containing either the 0.86
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(A)
(B)
Figure 1. Average daily gain of French guinea fowl broilers fed diets varying in lysine concentrations at 1–4 wk of age (A) and 5–8 wk of
age (B). a,bWithin individual charts, bars representing average daily gain with no common superscript differ significantly (P < 0.05).
Figure 2. Cumulative percent mortality of French guinea fowl broilers fed varying concentrations of dietary lysine from hatch to 8 wk of age.
a,bWithin individual charts, bars representing mean percent mortality with no common superscript differ significantly (P < 0.05).
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Table 3. Feed: Gain of French guinea fowl broilers fed diets varying in Lysine
concentrations.
Wk of age
Average 1 2 3 4 5 6 7 8
Lysine-(g feed intake/g daily gain)
0.80 2.18a 2.67a,b 3.15a 2.78a 3.20a ND ND ND ND
0.86 1.97a,b 2.88a 2.65b 2.36b 3.07a 3.18a 2.84a 2.80b 2.71a
0.92 1.92b 2.47b 2.41b,c 2.02c 2.30b 2.54b 2.47b 3.59a 2.46b
1.10 1.44c 2.22c 1.98c 1.85d 2.17c 2.69b 2.65a,b 3.50a 2.31c
1.22 1.55c 2.16c 2.05c 1.71d 2.37b 3.11a 2.51b 2.99b 2.30c
SEM 0.07 0.11 0.10 0.07 0.09 0.12 0.20 0.13 0.11
ND = not determined due to high mortality
a–dMeans within columns with no common superscript differ significantly (P < 0.05).
SEM = standard error of mean
or 0.92% lysine concentration showed significantly lower
ADG (P < 0.05) when compared with the other dietary
treatments. During wk 6 to 8, ADG of the birds fed the
0.86% lysine remained significantly lower than all other
dietary treatments, however differences in ADG of birds
fed the 0.92, 1.10, and 1.22% lysine concentrations were
not significant (P < 0.05).
Mean feed to gain (F:G) of the French guinea fowl
fed diets containing varying lysine concentrations are
presented in Table 3. The F:G ratios of birds fed the
1.10 and 1.22% lysine diets were significantly lower
(P < 0.05) than those of other dietary treatments. High-
est F:G ratios were exhibited by birds fed the 0.80 and
0.86% lysine diets. While differences in F:G ratios of
birds fed the 1.10 and 1.22% lysine diets were not sig-
nificant in most part, they were significantly lower than
those of birds fed the 0.92% lysine diets.
Organ Weights
Organ weight of French guinea fowl fed diets varying
in lysine concentrations are presented in Figure 3. Dur-
ing the fourth wk of age, the weight of guinea fowl liver
was significantly lower (P < 0.05) at the lowest concen-
tration of dietary lysine (0.86%) when compared to the
control (1.10%), 0.92, and 1.22% lysine concentrations
Figure 3(I). The mean weight of the liver for the 0.92%
lysine diets was similar to the control and the excess
lysine (1.22%). During the fourth wk of age, the weight
of the pancreas of birds fed the lower dietary lysine con-
centrations (0.86 and 0.92%) was slightly lower in than
that of birds fed higher concentrations of lysine (1.10%
or control and 1.22%); however, these differences were
not significant (P > 0.05). At eight wk of age change
in dietary lysine concentration did not significantly al-
ter liver weight (Figure 3III). The fourth-wk pancre-
Figure 3. Relative weight of liver and pancreas of French guinea fowl broilers fed diets containing varying concentrations of lysine from hatch
to 8 wks of age (WOA). The liver and pancreas were weighed at 4 WOA (I and III, respectively) and 8 WOA (II and IV, respectively). a,bWithin
individual charts, bars representing mean organ weights with no common superscripts differ significantly (P < 0.05).
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Figure 4. Expression of brain metabotropic glutamate receptor I (I), brain ionotropic glutamate receptor (II), liver metabotropic glutamate
receptor I (III) and liver ionotropic glutamate receptor (IV) of French guinea fowl broilers fed diets with varying concentrations of lysine. a,bWithin
individual charts, bars representing mean gene expression with no common superscripts differ significantly (P < 0.05).
atic weight of the guinea fowl were significantly higher
(P < 0.05) for birds fed the 1.10 and 1.22% dietary
lysine than those fed the 0.86 and 0.92% lysine. How-
ever, differences in mean pancreatic weights of guinea
fowl fed diets containing the 0.86% and 0.92% lysine
were not significant (P < 0.05). A similar trend was
observed between birds fed the 1.10 and 1.22% lysine.
On the other hand, at 8 WOA, pancreatic weight was
significantly lower (P < 0.05) in birds fed diets con-
taining 0.86% lysine and 1.22% lysine than those fed
the 0.92 and 1.10 (control) diets. However, the 0.92 ly-
sine concentrations was not different from the control;
likewise, mean pancreatic weights of birds fed the 0.86%
lysine diets were not statistically different from those of
birds fed the 1.22% lysine diets (Figure 3IV).
Gene Expression Assays
Gene expression was assayed by two-step real-
time quantitative PCR using 4 specific primers:
metabotropic glutamate receptor I, ionotropic gluta-
mate receptor, leptin receptor, and ghrelin receptor
(Supplementary Table S1). The expression of brain and
liver metabotropic and ionotropic glutamate receptors
is presented in Figure 4. Varying dietary lysine con-
centrations alter the expression of these receptor genes
in French guinea fowl broilers. Birds that received the
diet with lowest amount of lysine (0.86%) showed a sig-
nificant reduction (4-fold difference) in expression of
brain metabotropic glutamate receptor I (BmGluR1)
when compared with birds fed the 0.92% lysine diets
(Figure 4 [I]). Also the expression of BmGluR1 was
significantly higher (P < 0.05) in the 0.92% lysine di-
ets than the control (1.10% lysine) and the 1.22% ly-
sine diets (12.5 and 13.5-fold difference, respectively).
As shown in Figure 4 (III) the expression of liver
metabotropic glutamate receptor I (LmGluR1) gene
was not altered by changes in dietary lysine concen-
trations. When compared to the other treatments the
LmGluR1expression of the 0.86% lysine treatment was
similar to the control (1.10%) and the excess (1.22% ly-
sine) diet. Figure 4 (II) demonstrated that varying di-
etary lysine concentrations alter the expression of these
receptor genes in French guinea fowl broilers. While
fold-change differences in birds fed the 0.92% lysine di-
ets and those fed the control (1.10% lysine) and the
1.22% lysine diets were not significant (P > 0.05), they
were statistically higher (P < 0.05) than those of birds
fed the 0.86% lysine diets (2 to 3-fold difference). On
the other hand, the liver ionotropic glutamate receptor
(LiGluR) displayed a higher gene expression at 1.22%
lysine than all other lysine concentrations (2.75 to 3.90-
fold difference) as evidenced in Figure 4 (IV). Differ-
ences in expression of the LiGluR gene of birds fed di-
ets containing the 0.86, 0.92 and 1.10% lysine were not
significant.
The expression of the brain leptin receptor (BLepR)
gene of birds fed diets containing the 0.92% lysine and
the control were not different (Figure 5 [I]). However,
the 0.86% lysine diets had 2.5-fold reduction in BLepR
expression when compared to the control and the excess
dietary lysine (1.22%). Also the GF fed the 1.22% lysine
showed similar gene expression profile when compared
to those fed the 0.86% lysine diets. It was also evident
that birds fed the control and the 0.92% lysine diets
exhibited a 10-fold increase (P < 0.05) in expression
of the BLepR when compared to birds fed the 1.22%
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Figure 5. Expression of brain leptin and ghrelin receptors (I and II, respectively) and liver ghrelin and leptin receptors (III and IV, respectively)
of French guinea fowl broilers fed diets with varying concentrations of lysine. a,bWithin individual charts, bars representing mean gene expression
with no common superscripts differ significantly (P < 0.05).
lysine diets. On the other hand, the expression of the
liver leptin receptor (LLepR) of birds fed the 0.92% ly-
sine was significantly higher (P < 0.05) than that of
birds on the 0.86, 1.10, and 1.22% lysine (Figure 5 [II]).
The fold change difference between the 0.92% lysine and
the 0.86, 1.10, and 1.22% lysine was about 2, 1.5, and
2.5, respectively. However, the fold change differences
among the 0.86, 1.10 and 1.22% lysine concentrations
were not significant (P > 0.05). The 0.92% lysine con-
centration increased the expression of the brain ghrelin
receptor (BGhrR) gene by about an 8-fold difference
[Figure 5 (III)]. A similar trend was observed with the
0.86% lysine exhibiting a 6-fold change in the expression
of the BGhrR gene when compared with the control. It
was also noted that the expression of the BGhrR gene
of the 0.86% lysine diets was lower (P < 0.05) than that
of birds fed the 0.92% lysine diets. The control and ex-
cess lysine concentrations displayed lowest mean gene
expression profiles in the BGhrR gene, which were not
significantly different from each other (P > 0.05). The
expression of the liver ghrelin receptor (LGhrR) gene
of French guinea fowl broilers is presented in Figure 5
(IV). Differences in the mean expression of the LGhrR
gene among all lysine concentrations were not signifi-
cant (P < 0.05).
Correlations
Table 4 presents correlation coefficients between di-
etary lysine concentrations, performance characteris-
tics, and the expression of glutamate, ghrelin and leptin
receptors of the French guinea fowl broiler. Positive cor-
relations were observed between lysine concentrations
and average daily gain, pancreatic weight and expres-
sion levels of LiGluR. Negative correlations were also
observed between lysine concentrations and the expres-
sion levels of LmGluR and BmGluR. Correlations be-
tween 1 to 4 wk average daily gain and both LLepR
and iGluRs were positive and significant. Pancreatic
weight was also positively correlated with the level of
expression of BGhrR, LepR, mGluR, and iGluR. Also,
the expression of BLepR and LLepR were positively
correlated with the expression of both pancreatic and
BmGluR and iGluRs. On the other hand, correlations
between LLepR expression and LiLepR expression were
also positive and significant. However, correlations be-
tween the expression of BmGluR and iGluR and expres-
sion of LiGluR were negative and significant (P < 0.01).
Also, LGhrR and LepR expression were negatively and
highly correlated with BiGluR expression (P < 0.01).
DISCUSSION
Lysine as a limiting amino acid in the chicken was
shown to have significant effects on performance of the
French guinea fowl broiler. A low level (0.80%) of di-
etary lysine caused significantly high mortality (Fig-
ure 2). Previous research has shown that reduced di-
etary lysine levels have contributed to a reduction in
appetite and low metabolic activity in the early stages
of avian growth and development (Kidd and Fancher,
2001). Previous research has also shown that a deple-
tion of a single amino acid can cause metabolic home-
ostatic problems (Tome, 2004). Averous et al. (2003)
explains that regulation of amino acid homeostasis is
required in mammals for two reasons: 1) Higher level
organisms cannot synthesize all amino acids, and 2)
nonessential amino acids cannot be stored (in contrast





















































































































































































































































































































































































































































































































































































to lipids, and sugars). Using the guinea fowl as a model
due to its leanness, we were able to observe a physiologi-
cal and anatomical change due to varied levels of admin-
istered lysine values (Figure 1A and B). Observation of
the lowest allocation at 0.80% lysine showed early de-
velopmental problems (Figure 1A). The detected effects
were hindered growth rate, withered feathers, and re-
duced muscle development. This was further evidence
to confirm the role of lysine in the early development
of avian and mammalian organisms (Benevenga and
Blemings, 2007). Evaluation of the organ weights con-
firm that alterations in lysine can contribute to overex-
ertion of the liver and pancreas (Figure 1A and B). The
positive correlations between lysine concentrations and
average daily gain and organ weight (Table 4) further
supports the premise that lysine had direct influence in
growth and tissue development in the guinea fowl. Ly-
sine deficiency contributed to the decreased size of the
4-week-old guinea keet liver and pancreas. Also evaluat-
ing the effect of dietary lysine on pancreatic weight [Fig-
ure 3 (II) and (IV)] showed the various effects caused
by the neuropeptic hormones leptin and ghrelin. The
alterations of lysine may have contributed to other di-
gestive functions as seen by the similar reduction of
weights of the pancreas and liver in the lowest level of
lysine. Dietary lysine concentration of 1.10% or higher
contributed to optimum performance characteristics of
the French guinea fowl. Another point was that mus-
cle homeostasis was affected, which led to the idea that
through hindered lysine levels the glutamate metabo-
lite suppressed proper muscle formation. Also, it has
been shown through our research that a single change in
the lysine metabolic pathway may cause a transforma-
tion in the final product of acetyl coenzyme A (Acetyl
CoA). Papes et al. (2001) showed how the saccharopine
pathway (which is utilized by higher celled organisms)
is the precursor to glutamate and also its association
with the enzymatic reactions that lead to Acetyl CoA
and the metabolite glutamate. Our investigation into
the link between lysine and glutamate in regulation
of food intake, showed that lysine in low levels causes
varied modifications in glutamate metabolism. Jinap
and Hajeb (2010) focused on the role of dietary glu-
tamate to elicit distinct flavor and the umami taste,
which cause a more desired necessity to devour these
foods. Also, Uneyama (2011) used the same reasoning
to explain the glutamate appetite regulation. Figure 4
(III) and (IV) confirm the fact that lysine, the precur-
sor to metabolic glutamate, can mediate food intake by
way of a neuronal and glutamate sensing mechanism
via the liver (Jensen et al., 2013; Torii et al., 2013).
The negative correlations between lysine concentrations
and both LmGluR and BmGluR (Table 4) suggest a
negative feedback mechanism where deficiency of lysine
stimulates the expression of the glutamate receptors in
attempt to increase lysine uptake. Jensen et al. (2013)
argued that the liver serves an amino acid sensing func-
tion and it can act through its own innervated sys-
tem to communicate to the brain. Negative and highly
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significant correlations were observed between LiGluR
and BiGluR expression (Table 4). Our research showed
that glutamate metabolism acting via the liver can
cause a state of satiation as observed in Figure 4 (III)
and (IV). Gene expression analysis shown in Figure 4
(I) and (III) demonstrated that varying lysine levels in-
fluenced specifically the expression of metabotropic glu-
tamate receptor I. Bradbury et al. (2005) discussed the
role of metabotropic glutamate receptor 5 (mGluR5)
regulating feed intake via a dopamine-mediated reward
system and its role in modulating glutamate sensory
conduction. Our findings indicated that mGluR5 may
have the same function as that of mGluRI (Pieper et al.,
2011: Bradbury et al., 2005). The role of anorexigenic
and orexigenic hormones in controlling food absorption
has been thoroughly researched and in two specific hor-
mones leptin and ghrelin (Kojima and Kangawa, 2005;
Gao and Horvath, 2007; Nirmala et al., 2009). Our sup-
position was that an amino acid could affect the activ-
ities of these hormones and cause a change in food in-
take. As illustrated in Figure 5 (I) and (IV), lysine levels
did affect leptin receptor expression in both the liver
and brain. In earlier reports, Xu et al. (2013) argues
that glutamate acts on the same leptin/insulin signal-
ing cascade thus regulating food intake. We proposed
the hypothesis that glutamate and lysine share a re-
lationship that involves regulating food intake through
the leptin signaling pathway. Figure 4 (I & III) and
5 (I and IV) substantiate the gene expression analy-
sis of the glutamate metabotropic receptor I displayed
comparable levels to leptin at low lysine concentrations
in the brain and liver. These findings led us to con-
clude that the lowest amounts of lysine contribute to
a suppression of eating and drinking, leading to star-
vation. The exploration into glutamate led us to study
the ionotropic glutamate receptor (iGluR) as well. The
iGluR has not been thoroughly studied due to its unique
structure (McFeeters and Oswald, 2004). Figure 4 (II)
and (IV) show that in the LiGluR high levels of lep-
tin receptor expression at 1.22% lysine led to the idea
that this is caused by increased ligand binding. The
correlation table further demonstrates that the iGluR
and LepR acting through varied lysine modifications
change pancreas activity leading to early and late stage
body transformations. The evaluation of the BiGluR
as viewed in Figure 4 (II) displayed lower expression
in the brain at low lysine levels. These results further
confirm that lower lysine levels may cause decreased lig-
and binding or ionic suppression. Further investigation
as to how changes in glutamate affect the ionotropic
receptors has yet to be done. Our lab hypothesized
that lysine acting through ghrelin signaling would in-
crease food intake. Parello and Zigman (2012) discusses
ghrelin’s actions by way of a reward-based system. The
study results of Figure 5 (II) and (III) revealed that
ghrelin displayed no significant variation in the liver.
This could be due to the combined actions of gluta-
mate and lysine to suppress ghrelin’s function. How-
ever, when viewing Figure 5 (II), in the brain, ghrelin
expression was reduced in the control and higher in the
lower ranges of lysine. The correlation table shows that
the GhrRs interacted with LepR and mGluRs and con-
tributed to changes in the gut–liver axis as showcased
in Table 4. There may be some other effect in the lysine
metabolism that may cause a negation of ghrelin, which
was observed in the lowered levels of lysine. Based on
all of the findings, the final conjecture was that gluta-
mate metabolism through the lysine saccharopine path-
way can interact with leptin to decrease food intake or
ghrelin to increase feed intake via glutamate sensing in
the liver. Exploration of the signaling pathways that
integrate the brain-liver axis could give a better under-
standing of the mechanisms that control the cognitive
sensations, or impulses that drive hunger. This will in
turn guide management and breeding practices to min-
imize excessive fat deposition in poultry and consumer
susceptibility to the diseases associated with consump-
tion of fatty foods.
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